A combined molecular dynamics/micromechanics/finite element approach for multiscale constitutive modeling of nanocomposites with interface effects We introduce a multiscale framework based on molecular dynamic (MD) simulation, micromechanics, and finite element method (FEM). A micromechanical model, which considers influences of the interface properties, nanoparticle (NP) size, and microcracks, is developed. Then, we perform MD simulations to characterize the mechanical properties of the nanocomposite system (silica/nylon 6) with varying volume fraction and size of NPs. By comparing the MD with micromechanics results, intrinsic physical properties at interfacial region are derived. Finally, we implement the developed model in the FEM code with the derived interfacial parameters, and predict the mechanical behavior of the nanocomposite at the macroscopic scale. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4819383] Nanocomposites have recently been used in the field of composite materials due to their unique mechanical, electrical, and thermal properties.
1,2 Nanoparticle (NP)-reinforced polymeric composites, a broad category of nanocomposite materials, offer high tensile strength even with low reinforcement concentrations and have become attractive candidate materials for many applications. 3 However, the changes in and complexity of polymer properties with the addition of NPs are poorly understood, especially due to the lack of technologies bridging nano-and micro-systems. Whereas the enhanced features are primarily derived from nanoscale fillers, different interfacial characteristics between the matrix and nanoscale inclusions can arise, which restrict precise predictions of the overall behavior of nanocomposites. Understanding the nature of the interfacial properties and physical responses of nanoparticulate composites is therefore essential to the design and implementation of NP-reinforced polymeric systems in real applications.
To investigate the interfacial characteristics of nanocomposite materials, the molecular dynamics (MD) simulation method would be ideal because it can describe the full atomistic nature at the heterogeneous interface between NP and polymeric systems with little empiricism. However, the relatively high computational cost of atomistic MD simulation practically limits its direct application in predicting meso-or macro-scopic material properties, thus requiring micromechanics-based analytical models and/or numerical finite element method (FEM) simulations. However, recent experimental studies have shown that classical composite theory cannot account for the mechanical behavior of nanocomposites: 4 a decrease in the modulus of nanocomposites is observed in experiments with an increase in the stiffness of NPs, 5, 6 which is inconsistent with the theory that smaller particle fillers are expected to improve the overall mechanical properties of composites. Therefore, in this study, we develop a size dependent micromechanical constitutive model in which interface effects are taken into account by introducing model parameters, namely the interface moduli. In this constitutive model, we also note that a continuum damage model of microcracks is incorporated for a realistic assessment of nanocomposites under external loading. Then, we further compare our analytical micromechanics-based results with full atomistic MD simulation results obtained for silica/nylon 6 nanocomposite systems from which the interfacial parameters are identified. We implement the developed constitutive model in the FEM code ABAQUS to solve the boundary condition problem, and the mechanical properties of silica/nylon 6 nanocomposite systems are predicted using the implemented model. The calculated results are in good agreement in the elastic range with the experimental results obtained for silica/nylon 6 nanocomposites. This agreement demonstrates that the presented multiscale simulation approach based on the developed micromechanics theory is effective in predicting the mechanical behavior of NP-reinforced composites.
We first consider a three-phase nanocomposite consisting of a matrix (phase 0) and nanoscale spheres (phase 1) randomly dispersed throughout the matrix. 7 It is assumed that the nanocomposite experiences the formation of microcracks with an increase in the external tensile load or deformation, which are separately treated as penny-shaped voids in the composites (phase 2). It should be noted that the present micromechanics-based model is to predict the effective constitutive equation of the nanocomposites, and thus it is available only within an elastic range. This is the intrinsic limitation of the proposed model where the modeling of yield strength and plastic behavior is deficient. In micromechanics-based approaches, the effective stiffness tensor C Ã for multi-phase nanocomposites (q ¼ 0, 1, 2) can be expressed as follows: 
where
C q is the stiffness tensor of the q-phase, and I is the fourth-order identity tensor; / q and S q represent the volume fraction and the interior-point Eshelby tensor for the q-phase, respectively.
In Eq. (1), S 1 is the ensemble-averaged Eshelby tensor for nano-inhomogeneity with interface effects, 8 which is expressed as 10
in which
with
;
where 11 R denotes the radius of the nano-inclusion and j s ¼ 2ð2k s þ l s Þ, where k s and l s are the interface moduli. 11 More detailed descriptions of the interface moduli can be found in references. 11, 12 In addition, the fourth-rank Eshelby tensor for penny-shaped microcracks S 2 is given in Lee and Pyo. 13 The interface moduli represent the interfacial elasticity between spherical inhomogeneities and the matrix. The precise calculation and measurement of interfacial properties have been a contentious issue, 14 and a full understanding of the interfaces of nanocomposites would be an enormous advancement. 15 Therefore, the interfacial parameters are indirectly determined in the present study by comparing predictions based on the micromechanical model and the full atomistic MD simulation results. Since the full atomistic nature of heterogeneous materials can be ideally described by MD simulation, the proposed approach would be useful in reflecting the physical/mechanical nature of the interface. After carrying out the lengthy algebra, the fourth-rank tensor C * is proposed to be
with k IJ are given in the supplementary material. 16 The nucleation of microcracks is modeled in accordance with the continuum damage model. 17 The volume fraction of nucleated microcracks in the composite is described by following an isotropic scalar function: 
where / initial is the initial volume fraction of microcracks, e th is the effective strain threshold below which no nucleation occurs, e a is the current accumulated effective strain, and c 1 and c 2 are nucleation parameters that depend on the specific shape and distribution of microcracks. 17 To describe the interface effects on the micromechanical model, a series of numerical simulations are performed. The silica/nylon 6 nanocomposite system is chosen for the tests, and the parameters adopted for the nylon 6 matrix are Y 0 ¼ 2.8 GPa and 0 ¼ 0.34; the parameters adopted for the silica NPs are Y 1 ¼ 73.1 GPa, 1 ¼ 0.17, where Y q and q (q ¼ 0, 1) denote the Young's modulus and Poisson's ratio of the q-phase, respectively. 18 By varying the values of the interface moduli k s and l s , we then demonstrate the change in the bulk modulus (B 0 ) of the nanocomposite as a function of particle size (characterized as a radius R) and volume fraction (/ 1 ) in Fig. 1 . Fig. 1(a) shows that the bulk modulus becomes stiffer with a decrease in the NP size and an increase in the interface moduli, and it has a significant impact on the mechanical properties given the small length scale. However, the influence of the interfacial effects begins to diminish when the NP size exceeds 15 nm, until a state without interfacial effects is eventually reached. The predicted effective bulk modulus versus volume fraction of NPs is consistent with   FIG. 1 . The predicted bulk modulus of the nanocomposite versus (a) particle size and (b) content of NPs for different interface moduli. previously reported simulations. It is important to note that the interfacial condition can yield negative effects on the mechanical response of nanocomposites. These effects are due to the imperfect interface between inclusions and the matrix, 4 and such a tendency becomes more pronounced when the particle size decreases and the interfacial area increases.
To derive realistic values for the interface moduli k s and l s , we carry out atomistic MD simulations by using the Large-scale Atomistic Modeling Massively Parallelized Simulation (LAMMPS) code. 19 The simulation cells of the nanocomposites consist of a single linear nylon 6 chain composed of 320 repeating unit monomers (M w ¼ 36 kDa) and spherical silica NPs with a radius varying from 3.35 Å (SiO 4 H 4 Fig. 2(a) . The interatomic potential is described using a DREIDING generic force field (FF), 20 and the partial charge distributions of the nylon 6 are determined as electrostatic potential (ESP) charges derived by Density functional theory (DFT) calculations at the M06-2X (Ref. 21)/6-31G** (Refs. 22 and 23) level for a hexanamide molecule, which represents the monomer of nylon 6 (-C 6 H 11 NO-). The partial charges of the silica NPs are determined by the charge equilibration (QEq) method. 24 It should be noted that DFT calculations are performed using the Jaguar 7.6 software program. 25 The bulk moduli of the nanocomposites are then calculated as a function of the volume fraction and size of the silica NPs by fitting the equation of state (EoS) from MD simulation using the third-order Birch-Murnaghan (BM) equation, 26 as representatively shown in Fig. 2(b) .
Since the dynamics of polymeric systems with long chains are slow, it is often troublesome to reach a wellequilibrated state within a finite MD simulation time scale. To overcome this obstacle and remove any possible bias originating from the choice of the initial polymer configuration, we use the MD procedure called the scaled effective solvent (SES) method, which was recently developed to efficiently obtain the equilibrium state of heterogeneous polymeric systems. 27 The mechanical properties of the nylon 6 matrix system with/without silica NPs obtained from MD simulations are listed in Table I . It is shown that embedding silica NPs into nylon 6 nanocomposites enhances the mechanical properties thereof, where the B 0 of the nanocomposites is enhanced with the radius of the silica NPs from 6.61 to 8.37 GPa. Supplementary material regarding the MD simulations is available in the online version of the paper. 16 Assuming that the interfacial conformation of the nanocomposites is identical for all samples so that the same values of the interface moduli are applicable to all cases regardless of the constituent properties, we find that k s ¼ 1.4 N/m and l s ¼ 1.0 N/m leads to micromechanics results comparable to the MD simulation results (Fig. 3) . The micromechanics-based constitutive model described above is then implemented in the FEM code ABAQUS to assess the predictive capability of the present framework. The C3D8 element in ABAQUS is used for the modeling, and the constitutive model of the nanocomposites is implemented by using a user-defined material routine within ABAQUS.
The material properties are sourced from the experimental data. predictions are presented in Fig. 4 . The predicted stress-strain curve and the experimental data show a good agreement up to the yielding point of the specimen, r y ¼ 129 MPa, where the lower index y indicates the yield stress. 28 The observed divergence from the experiment at higher strain values is due to the intrinsic limitation of the present micromechanical model.
The proposed method, using the optimized parameters from the microscopic scale combined with macroscopic continuum theory and simulations, enables precise predictions on the mechanical behavior of large scale nanocomposite materials whose direct atomistic MD simulation is impractical. Unlike previous studies in which the aforementioned methods have been separately applied to predict the behavior of nanocomposites, the proposed methods offer a multiscale approach for efficient and extendable modeling. Although the different simulation techniques take different approaches, they are combined in the present study based on a developed micromechanical model that bridges MD simulation and FEM theory. To extend our theory to cover the prediction range into the higher strain regime, additional physical characteristics such as the yield strength and plastic behaviors should be taken into account. It is beyond the scope of the present paper; however we plan to extend our work along this direction in the near future. 
